Abstract. The fusion of liposomes with the plasma membrane of influenza virus-infected monolayers of an epithelial cell line, Madin-Darby canine kidney cells (van Meer et al., 1985. Biochemistry. 24:3593-3602), has been analyzed by morphological techniques. The distribution of liposomal lipids over the apical and basolateral plasma membrane domains after fusion was assessed by autoradiography of liposomal [3H]dipalmitoylphosphatidylcholine after rapid freezing or chemical fixation and further processing by freeze substitution and low temperature embedding. Before fusion, radioactivity was solely detected on the apical cell surface, indicating the absence of redistribution artifacts and demonstrating the reliability of lipid autoradiography on both a light and electron microscopical level. After induction of fusion by a low pH treatment, the basolateral plasma membrane domain became progressively labeled, indicative of rapid lateral diffusion of [3H]dipalmitoylphosphatidylcholine in the plasma membrane. Analysis of individual fusion events by freeze fracture after rapid freezing confirmed the rapid diffusion of the liposomal lipids into the plasma membrane, as intramembrane particle-free lipid patches were never observed. After the induction of liposome-cell fusion, well-defined intramembrane particles were present on the otherwise smooth liposomal fracture faces and on the fracture faces of the plasma membrane. Morphological evidence thus was obtained in favor of a local point fusion mechanism with an intramembrane particle as a specific structural fusion intermediate.
3602), has been analyzed by morphological techniques. The distribution of liposomal lipids over the apical and basolateral plasma membrane domains after fusion was assessed by autoradiography of liposomal [3H]dipalmitoylphosphatidylcholine after rapid freezing or chemical fixation and further processing by freeze substitution and low temperature embedding. Before fusion, radioactivity was solely detected on the apical cell surface, indicating the absence of redistribution artifacts and demonstrating the reliability of lipid autoradiography on both a light and electron microscopical level. After induction of fusion by a low pH treatment, the basolateral plasma membrane domain became progressively labeled, indicative of rapid lateral diffusion of [3H]dipalmitoylphosphatidylcholine in the plasma membrane. Analysis of individual fusion events by freeze fracture after rapid freezing confirmed the rapid diffusion of the liposomal lipids into the plasma membrane, as intramembrane particle-free lipid patches were never observed. After the induction of liposome-cell fusion, well-defined intramembrane particles were present on the otherwise smooth liposomal fracture faces and on the fracture faces of the plasma membrane. Morphological evidence thus was obtained in favor of a local point fusion mechanism with an intramembrane particle as a specific structural fusion intermediate.
Yet, the mechanisms of biological membrane fusion remain ill defined (Diizgiines, 1985; Sowers, 1987; Ohki et al., 1988) . The system best characterized at the molecular level is that of the fusion of enveloped viruses with their target membranes. In particular, the fusogenic properties of the hemagglutinin (HA) t spike glycoprotein of influenza viruses have been described in great detail (White et al., 1983; Wiley and Skehel, 1987; Doms et al., 1988) . In the present study, we have used these properties to create a fusion event that is fast and efficient as shown by both biochemical and biophysical techniques (van Meer and Simons, 1983; van Meer et al., 1985) . Liposomes were fused with the apical plasma membrane of epithelial (Madin-Darby canine kidney; MDCK) cells that had been infected with influenza virus. Specific morphological features of the fusion event were studied using freeze-fracture EM, and the fate of incorporated lipids was followed by lipid autoradiography.
G. KnoWs present address is Fakul~t fiir Biologie, Universit~t Konstanz, Postfach 5560, D-7750 Konstanz, FRG. Lateral diffusion of liposomal lipids after fusion with the apical plasma membrane has been monitored before by the use of fluorescently labeled phospholipid analogues Simons, 1983, 1986; van Meer et al., 1985 van Meer et al., , 1986 . Although this approach allowed direct observation of the label distribution in the living cell, the artificial nature of the lipidic dye did not permit general conclusions concerning the behavior of natural phospholipids to be made. This handicap can be overcome, in principle, by the use of radioactive phospholipids and the analysis of their distribution by autoradiography. However, conventional autoradiographic techniques have serious shortcomings when applied to lipids because they lead to lipid extraction and lipid redistribution . Recently developed low temperature techniques, i.e., the combination of freeze substitution and low temperature embedding, could be expected to overcome these limitations (Weibull et al., 1984; Verkleij et al., 1985) .
Abbreviations used in this paper
Little is known about the mechanism and the intermediates of the actual joining of the two lipid bilayers during membrane fusion. Because the membrane architecture can be visualized using freeze fracturing (see for example Verkleij and Ververgaert, 1975) , this technique has been used extensively to investigate membrane fusion events. These studies are complicated by the high sensitivity of fusion events to the chemical pretreatments used in conventional preparation techniques (Chandler and Heuser, 1980; Plattner, 1981; Chandler, 1984) , and by the short lifetime of fusion intermediates (Heuser et al., 1979; Siegel, 1986b) .
In early freeze-fracture studies, intramembrane particle (IMP) clearance from fusion-competent membrane areas was observed. This led to the assumption that membrane proteins would have to be removed from the membrane areas participating in the fusion process (e.g., Orci and Perrelet, 1978) . However, recently, by using pure cryofixation without chemical pretreatments, membrane fusion has been consistently observed as a local-point event that does not involve either IMP clearance or the formation of naked membrane diaphragms (Heuser et al., 1979; Ornberg and Reese, 1981; Plattner, 1981) .
Pure cryofixation avoids preparation artifacts but does not overcome the difficulty of catching such short-lived phenomena as membrane fusion events (Knoll et al., 1987) . Even if fusion intermediates could be captured, their frequency of occurrence is often low and their identification is easily hampered by the intrinsic heterogeneity of biological membranes (Pinto da Silva and . No structural intermediate of fusing biological membranes has been described unequivocally to date.
Liposomes can be induced to fuse with influenza virus-infected cells by lowering the pH (van Meer and Simons, 1983; van Meer et al., 1985) . The high density of cellassociated liposomes at neutral pH and the possibility to trigger membrane fusion by lowering the pH provides both a high density and a good synchrony of fusion events and thus maximizes the chance of catching fusion intermediates. In addition, any change in freeze-fracture morphology of the normally smooth fracture faces of the liposomal membrane can be clearly seen and directly correlated with the fusion process. Altogether, the liposome-cell fusion system provides a promising means with which biological fusion can be studied, as compared with many other biological fusion systems.
In this study, we demonstrate that freeze substitution and low temperature embedding are suited to prevent extraction and redistribution of a radioactive phosphatidylcholine and therefore give the opportunity to follow the fate of incorporated lipids by autoradiography. In addition, we are able to show a specific structural feature during liposome-cell fusion, using freeze fracture after rapid freezing, that is an intramembrane particle presumably at the junction between the two fusing membranes. Finally, both methods successfully show that fusion has occurred in this system and that it is followed by rapid lateral diffusion of incorporated lipids in the plasma membrane.
Materials and Methods

Materials
Egg phosphatidylcholine, egg phosphatidylethanolamine, cholesterol, and buffer salts were obtained from Sigma Chemical Co. Dreieich, FRG) . Trypsin-L-(tosylamide-2-phenyl)-ethyl-chloromethylketone and soybean trypsin inhibitor were obtained from Millipore Corp. (Freehold, NJ), as were the nitrocellulose acetate filters. Cell culture media and reagents were purchased from Gibco Bioculture (Glasgow, UK). FCS and 2-deoxy-2,3-dehydro-N-acetylneuraminic acid were from Boehringer (Mannheim, FRG). Ilford L4 emulsion was obtained from Ilford (Amsterdam, The Netherlands). Chemicals and solvents were of analytical grade and were obtained from E. Merck (Darmstadt, FRG).
Cel/s MDCK strain II cells were passaged and grown on plastic as described before (van Meer et al., 1985) . For some of the freeze-fracture experiments, the cells were grown as 2-d-old confluent monolayers on plastic coverslips (Thermanox, Lux Scientific Corp.) in 40-mm-diam Petri dishes.
For the other freeze-fracture experiments and all autoradiography experiments, the cells were grown on nitrocellulose filters, with a pore size of 0.22 I.tm as described (Hansson et al., 1986) . Experiments were performed on day 3 after seeding. The results obtained in freeze-fracture experiments with cells grown on either plastic coverslips or nitrocellulose filters did not differ significantly.
All incubations at neutral pH were performed in binding medium: bicarbonate-free MEM with Earle's salts supplemented with 10 mM Hepes and 0.2% BSA, pH 7.4. Incubations at low pH were performed in fusion medium: bicarbonate-free MEM supplemented with 20 mM succinate and 0.2% BSA, pH 5.0.
Liposomes
Octyl-13-D-glucoside liposomes were prepared as described before (van Meer et al., 1985) . For the autoradiography studies, liposomes were prepared from the following lipid mixture: 57.5 nmol egg phosphatidylcholine, 62.5 nmol egg phosphatidylethanolamine, 125 nmol cholesterol, 12.5 nmol Go~, 2.5 nmol R18, 5 nmol (250 p.Ci) [3H]DPPC, and 4.5 mg octyl-l~-Dglucoside in 500 ~tl of Dulbecco's PBS without Ca 2+ and Mg 2+. Liposomes were added to cells in a 1:4 dilution (in binding medium).
For freeze-fracture studies, Rl8-containing octyl-[3-D-glucoside liposomes were prepared in the same way but without [3H]DPPC.
Fusion of Liposomes with the Apical Plasma Membrane of MDCK Cells
The fusion procedure was essentially that described in van Meer et al. (1985) and van Meer and Simons (1986) . In short, monolayers of MDCK cells were infected with 20 pfu of an avian influenza A virus (influenza N virus: A/chick/Germany/49, Hay2 Neql). At 4.5 (plastic) or 5 h (filters) after infection, when the ceils expressed the viral HA on their surface, the apical surface was treated with trypsin at 0°C to bring the HA into its fusogenic form. In the experiments on plastic and the initial experiments on filters, 500 p.l of liposomal suspension (31 nmol phospholipid per 2 × 106 cells on plastic or per 2.3 × 106 cells on filters) were added to the apical cell surface and the cells were incubated for 30 min on ice.
The neuraminidase inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid was present at a concentration of 10 mM to prevent the release of bound liposomes by the action of the viral neuraminidase (van Meer and Simons, 1983) . Fusion of the liposomes with the apical plasma membrane was induced by replacing the apical medium by prewarmed fusion medium and an incubation at 37°C for 60 s. The cells were washed with binding medium and cooled on ice in a Petri dish containing 2 ml of binding medium (pH 7.4). After incubation for various times at neutral pH, the cells were fixed chemically or subjected to rapid freezing (see below). Lipid analysis performed on cell monolayers on filters showed that after the low pH treatment, 2.4% of the added liposomes, 0.75 nmol of liposomal phospholipid per filter, were cell associated, on the average 1 dpm of [3H]DPPC per cell. Assuming a diameter of 200 nm of the liposomes (van Meer et al., 1985) , on the average one cell associated with 500 liposomes. A significant amount of the cell-associated liposomes had fused with the apical plasma membrane, because fluorescence microscopy (cf. van Meer and Simons, 1986) showed that liposomal R18 had diffused into the lateral plasma membrane domain. Assuming a 40-55% efficiency of fusion , an apical surface area of a monolayer of MDCK I1 cells of 9.6 cm 2 (yon Bonsdorff et al., 1985) and a surface area of 90 /~2 for a cholesterol-phospholipid pair, it can be calculated that 8-12 % of additional lipids had been fused into the apical plasma membrane (calculation according to van Meer and Simons, 1986 ).
In the experiments with cells on filters for freeze fracture, binding and fusion were performed in a slightly different way: after trypsinization of the apical surface, the filters were removed from the holders and 3-mm-diam pieces were punched out. These pieces were immersed in a 50-1al droplet of liposomes (3.1 nmol phospholipid/50 Ixl) on parafilm and incubated for 30 min on ice. Fusion was induced by dipping a piece of filter into a beaker with fusion medium (60 s at 37°C). Filters were rapid frozen before, during, and after the low pH treatment (see later).
Fixation of Cells for Microscopy
Rapid Freezing. 3-mm disks were punched out of either the plastic or the filter, which served as substrates for the cell monolayers. This was done after liposome binding or at various time points after fusion. The disks (the filters were always supported by a plastic disk of the same size) were covered with a 0.05-mm-thick copper cover (treatment of copper covers used for autoradiography experiments, see below). Damage to the cells was prevented by the insertion of a copper spacer, 0.015 mm thick. Alternatively, cells were grown on plastic suhstrates with a 0.015-ram-deep milled depression, thus making the spacer unnecessary. Some filter disks (not for autoradiography) were punched out before the incubation with the liposomes, which could then be performed economically in only 50-~tl droplets. This allowed for very precise timing of a large number of specimens.
The assembled sandwich was frozen by a jet of propane at its melting temperature that was directed onto the copper cover of the sandwich (Pscheid et al., 1981; Knoll et al., 1982; Plattner and Knoll, 1984) . For some specimens (frozen during the low pH treatment) the incubation temperature (37°C) was maintained until the moment of freezing by holding the specimen in a stream of warm air just in front of the propane nozzle. After being frozen, the sandwiches were stored in liquid nitrogen.
Chemical Fixation. Plastic substrates or filters were placed in Petri dishes containing 1% glutaraldehyde in 100 mM Pipes, pH 7.4, for 30 min on ice or at room temperature (the latter for all autoradiographic experiments). After three 20-min washes in Pipes, cells were impregnated with 30% glycerol in 100 mM Pipes, pH 7.4, for 30 min at room temperature. Samples were frozen either as a sandwich, assembled as described above, or as free filters, both by vigorously dipping in liquid propane at its melting point. Storage again was in liquid nitrogen.
Freeze Fracture. The sandwiches were inserted under liquid nitrogen into a mobile clamping table (normally used for gold holders; Balzers, Liechtenstein) with either the copper part or the plastic part uppermost. In the freeze-fracture apparatus (Balzers 300 or 360 M) the exposed sandwich parts were broken away using a cold knife, exposing preferentially either the protoplasmic or exoplasmic fracture face (nomenclature according to Branton et al. 1975 ) of the apical plasma membrane. Replicas (usual platinum/coal evaporation at nominally -II0°C and 4 × 10 -7 mbar) were obtained by floating either the copper cover on dilute cromic acid according to Costello et al. (1982) or the filter on sulfuric acid. Both procedures dissolve the supporting material and result mostly in intact replicas; replicas on plastic come off more easily and can be floated on water.
Freeze Substitution and Low Temperature Embedding
Sandwiches were split under liquid nitrogen to remove the copper cover. To avoid splitting the apical membrane by this procedure (freeze fracture), these copper covers had been coated by a film of lipids (crude phosphatidylcholine) and dried before assembling and freezing the sandwich. Plastic disks or filters with the cells attached were immersed into a mixture of 3% glutaraldehyde, 1% osmium tetroxide, and 0.5% uranyl acetate in methanol according to MOiler et al. (1980) at -80°C and kept at that temperature for 24 h. After the temperature was slowly raised to -50°C, the specimens were washed with pure methanol of the same temperature and gradually infiltrated with Lowicryl HM20 (HM20/MeOH 1:1, 2:1, 100% HM20 for 1 h each). After an additional change of 100% Lowicryl, the specimens wel:e stored overnight at -35°C in a deep freezer (or at -50°C in the Reichert unit, see below). After another change of Lowicryl, UV polymerization was initiated at -35 °C, essentially according to the method of Humbel and MOiler (1984) . After 24 h, the specimens were brought to room temperature and further hardened for 48 h under UV illumination. To control specimen temperature either a Baizers spray freeze unit equipped with a brass block (with drilled holes for insertion of Eppendorf vials) or a Reichert Auto CS unit was used. Low temperature polymerization was carried out in a deep freezer containing UV lamps.
Autoradiography
The procedure used was essentially the flat substrate method according to Bachmann and Salpeter 0967) . In short, sections were cut perpendicularly to the plane of the monolayer either 0.5 I~m thick (semithin) or 0.1 lun thick (pale gold, ultrathin) and transferred to collodion-coated glass slides. Ultrathin sections were covered after staining (1% KMnO4 for 10 rain) with 5 nm carbon. In later experiments, ultrathin sections were covered with an additional layer of 50 nm Butvar B98 (according to Futaesaku and Mizuhira, 1986) to prevent the destruction of ultrastructural detail as a result of the deleterious interaction of the developer with the ultrathin section. Semithin sections were not stained and covered only with carbon. A monolayer of llford L4 silver bromide crystals was applied by slow withdrawal (80 mm/min) of the slides from the liquid emulsion ('~20% in distilled water at 25°C) using an electric motor. After drying overnight, the slides were stored in light-tight boxes at 4°C. Exposure was varied from 4 to 10 d; the autoradiograms were developed in Kodak D19 (for 2 min at 20°C). The ultrathin sections with the accompanying films were floated on distilled water and picked up on EM grids for analysis with a Phillips 420 at 80 kV. Semithin sections were analyzed with a Leitz Orthoplan microscope equipped with a 63 x (1.4 nA) objective in phase-contrast mode or with incident illumination.
Results
Autoradiography of a natural phospholipid (DPPC) was used as independent proof of liposome-cell fusion and to follow the fate of incorporated lipids in the plasma membrane. Cells were either frozen after chemical fixation and cryoprotection or rapid frozen without any pretreatments, before and at various time points after the induction of fusion. To avoid extraction and redistribution artifacts, the frozen cells were processed by freeze substitution and low temperature embedding. These procedures have been shown to prevent the extraction ofphospholipids (Weibull et at., 1984; Verldeij et at., 1985) . At neutral pH liposomes are bound to, but have not fused with, the apical plasma membrane. This defined situation with precisely located radioactive label allows for a critical evaluation of a possible redistribution artifact. Fig. 1 a shows that there is no such artifact. The distribution of silver grains, analyzed by light microscopy, is absolutely restricted to the apical cell surface under these conditions. This exclusive localization of silver grains at neutral pH was confirmed by electron microscopical analysis (data not shown).
Distribution of I~H]DPPC after the Fusion of Radioactive Liposomes with the Apical Plasma Membrane
At neutral pH, liposomes bind to, but do not fuse with, the apical plasma membrane. Under these conditions, silver grains are found at the apical cell surface exclusively (Fig.  1 a) (Fig. l, b -e, incubated on ice for 0, 5, and l0 rain after the low pH treatment respectively; Table I ). Endocytosis of radioactive liposomes as a reason for the translocation of the radiation source can be excluded because the endocytic activity of the cells is negligible, both at 37°C during the low pH treatment (cf. Davoust et al., 1987) and at 0°C during the subsequent neutral pH incubation (Table I ). In contrast, if the low pH treatment is followed by a neutral pH incubation at 37°C for l0 rain, label is found throughout the cell (with exception of the nucleus; data not shown).
Cells fixed immediately after the low pH treatment show a label distribution largely restricted to the apical cell surface (Figs. 1 b and 2 ; Table I ). The low pH treatment is apparently too short to allow for considerable long range diffusion of [3H]DPPC, subsequent passage of the tight junction, and labeling of the basolateral domain. Interestingly, a grain distribution largely restricted to the apical cell surface is found for all samples fixed immediately after the low pH treatment, irrespective of the mode of fixation (glutaraldehyde fixed, glycerol impregnated and frozen, or immediately rapid frozen, Figs. 1 b and 2, respectively) . Because chemical fixation and glycerol impregnation were performed for longer time periods (total procedure took 2 h at room temperature; see Materials and Methods for details), the glutaraldehyde action clearly prevented gross diffusion of [3H]DPPC into the basolateral domain (see Discussion).
If the low pH treatment is followed by a longer incubation at neutral pH, more [3H]DPPC passes the tight junction and the basolateral domain is progressively labeled (Fig. 1, c-e; Table I ).
Together, the data indicate a strictly pH-dependent fusion of liposomes with the apical plasma membrane of influenza virus-infected MDCK cells, followed by a rapid lateral diffusion of incorporated [3H]DPPC.
Intermediates during the Fusion of Liposomes with the Plasma Membrane
After liposome binding, the fusion of liposomes with the apical plasma membrane was triggered by lowering the pH of the incubation medium. The cell monolayer with associated liposomes was rapid frozen within 30 s after the start of the * A confluent monolayer of MDCK cells was incubated on ice for 30 min at pH 7.4 with the labeled liposomes added to the apical cell surface (bound); the endocytic activity of the cells on ice is negligible. Fusion was induced by a low pH treatment (I min, pH 5, at 37°C), after which pH and temperature were readjusted. Samples were taken at three time points after the low pH treatment; the basolateral plasma membrane domain is progressively labeled. * Grain densities were measured on light microscopical autoradiograms either in an area from 2.5 gm above to 2.5 /am below the apical cell surface (as a measure of the label associated with the apical part of the plasma membrane) and in the area of the rest of the cell from 2.5 Ixm below the apical surface to 2.5 tam below the basal membrane (as a measure of the label present in the basolateral plasma membrane domain). The grain densities were corrected for background (on the average 0.3 grains/100 tam 2, accounting for <3% of the absolute number of total grains (apical + basolateral). The corrected absolute number of total grains (apical + basolateral) were summed on each micrograph and the part attributed to the basolateral plasma membrane domain was determined 0%1 as indicated). § The relatively low amount of basolateral label, even at later time points, is at least partially due to an incomplete fusion of the liposomes with the apical plasma membrane; ",~50% of the liposomes bound at neutral pH do not fuse with the apical plasma membrane upon lowering of the pH but stay bound to the apical cell surface . low pH incubation, whilst fusion processes were still occurring (van Meer and Simons, 1983) . Freeze fracture exposes extended areas of both fracture faces of the apical plasma membrane (Fig. 3) . Analysis of many hundreds of cells rapid frozen during the low pH treatment never showed smooth IMP-free regions in the plasma membrane, as they might be expected to result either from IMP clearance before fusion, diaphragm formation during fusion, or from the insertion of liposomal-pure lipid after fusion (see Discussion). Instead, pronounced protrusions of the plasma membrane are observed bearing a central particle or pit (Fig. 3) . Liposomes probably just fusing with microvilli are also visualized; their membranes seem to be continuous (Fig. 4) . Liposomes often exhibit particles, both on the convex and the concave fracture face. These particles are never observed in liposome samples, at either pH 7.4 or 5. As will be argued later, these structures may be interpreted as fusion intermediates.
All experiments were performed at 4.5-5 h after infecting the cells with influenza virus (see Materials and Methods). At this time point, the very first virions start budding from the apical plasma membrane (according to a plaque titration, van Meer, G., and K. Simons, unpublished observations) . Virus budding also involves membrane fusion, and the morphological features of the plasma membrane (Fig. 3) could, in principle, be connected to virus budding rather than to liposome-cell fusion (as opposed to the morphological features of the liposomal membrane, as shown in Fig. 4 , which can only be due to liposome-cell interaction). Therefore, in control experiments, virus-infected cells were analyzed, and indeed the apical plasma membrane occasionally contained extended areas of protrusions bearing a central particle or pit (Fig. 5) . These structures could be easily identified as being virus-budding intermediates. However, the morphology of the virus-budding intermediates, ordered clusters of very small protrusions of the plasma membrane with narrow spacings (Fig. 5) , clearly deviates from the morphology observed in Fig. 3 , large protrusions and wider spacings. Consequently, Fig. 3 is thought to represent liposome-cell fusion rather than virus budding.
Altogether, the data indicate the absence of smooth IMPfree lipid patches during liposome-cell fusion, and the presence of fusion-correlated particles on both fracture faces of the fusing liposomes and the apical plasma membrane.
Discussion
The fusion of liposomes with the plasma membrane of influenza virus-infected cells (van Meer and Simons, 1983; van Meer et al., 1985) was analyzed morphologically using low temperature methods. This approach made it possible to monitor the fate of incorporated liposomal lipids by autoradiography of liposomal [3H]DPPC, and to identify fusion intermediates.
Autoradiography
Autoradiography of phospholipids is hampered by extraction and redistribution artifacts, especially during sample dehydration and embedding (Stein and Stein, 1971) . Apart from the fact that only a limited number of phospholipid species can be fixed chemically, the chemical pretreatments can often give rise to artifacts including membrane blebbing and the formation of multilamellar membrane structures (Saffitz et al., 1981 ).
An alternative approach for the preservation of phospholipids makes use of low temperature techniques and renders chemical pretreatments unnecessary. This approach guarantees an almost complete retention of all phospholipid species (Weibull et al., 1984; Verkleij et al., 1985) although neutral lipids are largely extracted (Verkleij, A. J., unpublished results) . Even if gross extraction of phospholipids is prevented by using freeze substitution and low temperature embedding, the hazard of redistribution remains.
In this study, the exclusive localization of bound liposomes at the apical plasma membrane before the pH drop offers a sensitive system with which the possible redistribution of phospholipids can be tested. The results show that no redis- 
Time Course and Extent of Lipid Diffusion
Cells fixed immediately after the low pH treatment showed only a minor labeling of the basolateral domains (Figs. 1 b and 2; Table I ). If the low pH treatment was followed by an additional incubation at neutral pH (on ice) long range lipid diffusion resulted in a progressive labeling of the basolateral domain. Assuming a diffusion coefficient of 0.35 I.tm2/s for the lateral diffusion of phospholipids at 5°C (Jacobson et al., 1981) , an average 1.5-5 min is needed for a phospholipid molecule to reach the lateral membrane at midheight by an unrestricted random walk after its incorporation in the apical plasma membrane by liposome-cell fusion (mean displacement 11-20 ~tm, estimate based on the morphometric data of von Bonsdorff et al., 1985 ; for calculation see Beck, 1987) . This is in fair agreement with the data on lipid diffusion obtained by lipid autoradiography (Table I) .
Taken together, the time course of lateral diffusion points to an extremely rapid integration of liposomal lipids into the plasma membrane continuum. Indeed, in freeze-fracture experiments, the IMP-free lipid patches described by Papahadjopoulos et al. (1974) ; see also conclusions drawn by Orci and Perrelet, 1978) were not observed when cells were either rapid frozen or chemically fixed at room temperature ( Figs. 3 and 4 ; for further discussion see later).
Samples chemically fixed immediately after the low pH treatment reveal a grain distribution almost restricted to the apical cell surface. Although the total procedure of glutaraldehyde fixation and glycerol impregnation took 2 h at room temperature, [3H]DPPC is not able to pass the tight junction and label the basolateral domain. The action of glutaraldehyde with respect to the chemical cross-linking of phospholipid molecules is confined to aminophospholipids and a direct influence of glutaraldehyde fixation on the lateral diffusion of phosphatidylcholines seems highly unlikely (Jost et al., 1973) . Instead glutaraldehyde treatment may well result in the chemical cross-linking of membrane proteins and aminophospholipids, hindering the lateral diffusion of lipid molecules and possibly preventing their passage from the apical to the basolateral domain. Alternatively, one might speculate, based on the protein model of tight junction structure , that lipid passage could be blocked by the glutaraldehyde fixation and denaturation of certain tight junction-associated proteins.
Fusion Intermediates Visualized by Freeze Fracture after Rapid Freezing
Rapid freezing is considered to be the only reliable fixation method for the analysis of fast processes like membrane fusion (Plattner, 1981; Knoll et al., 1987) . In agreement with earlier studies using pure cryofixation (Heuser et al., 1979; Chandler and Heuser, 1980; Ornberg and Reese, 1981; Plattner, 1981) , particle clearance or similar structural features preceding membrane fusion were not observed (Figs. 3 and  4) . Smooth lipid patches in the plasma membrane of cells fusing with liposomes have been described by Papahadjopoulos et al. (1974) and were interpreted as evidence for fusion . We observed similar phenomena only after chemical pretreatments on ice (and under these conditions also in control cells in the absence of liposomes; results not shown), but not after rapid freezing or after chemical pretreatments at room temperature. This is in line with the observations of Kachar et al. (1980) , who pointed out that routine fixation at low temperatures can lead to intramembrane particle displacement. We interpret the absence of smooth lipid patches in our study as evidence for the rapid lateral diffusion of incorporated liposomal lipids in the plasma membrane.
Samples rapid frozen during the low pH treatment displayed specific morphological features on the fracture faces of both the liposomal membrane and the plasma membrane (Figs. 3 and 4) . These distinct features, i.e., well-defined particles and pits, are correlated to the interaction of liposomes with the apical plasma membrane induced by low pH as they were only observed in samples containing both liposomes and cells after lowering the pH and never in liposomes or cells incubated separately at low or neutral pH (Fig. 3 is thought to represent liposome-cell fusion as opposed to the virus budding intermediates shown in Fig. 5; see Results) .
The interpretation of the (liposome-ceU) fusion-correlated particles and pits is complicated for two reasons, however. First, the particles and pits could represent prefusion structures. A local-point contact between two membranes can give rise to particles and pits without the necessity of actual membrane fusion ("intermembrane attachment sites " Miller, 1980) . In the case of influenza virus-liposome interaction, deformations of the convex fracture face of the liposomal membrane have been observed at neutral pH, often with a central, quite well-defined particle. This central particle was interpreted as a local-point adhesion site (Burger et al., 1988 ). In the current study, the possibility of local-point adhesion sites is at least partially ruled out, because both particles and pits were found on the protoplasmic fracture face of the plasma membrane (Fig. 3 b) and particles were present on both fracture faces of the liposomal membrane (Fig. 4) ; local-point adhesion sites would give rise to particles only on the protoplasmic or convex fracture face and pits on the exoplasmic or concave fracture face (see Verkleij, 1984) .
Even if the possibility of a prefusion structure could be ruled out, the real nature of the particles and pits remains obscure because no technique is currently available to determine whether a fusion-correlated particle or pit represents a lipid, a protein, or a lipid-protein complex. However, if the fusion-correlated particles observed on the fracture faces of the plasma membrane, on the one hand, and the fusing liposome, on the other hand, would be representative of the HA glycoprotein and the NH2-terminal fusion sequence of the HA subunit-two (which is thought to induce membrane fusion by insertion into the target membrane; Doms et al., 1988) , respectively, (protein) particles would be expected on the exoplasmic fracture face of the plasma membrane and the concave fracture face of the liposome exclusively. Particles on the protoplasmic or convex fracture faces, as shown in Figs. 3 b and 4 , are not expected, as the HA glycoprotein is almost entirely exposed at the extracellular surface (cf. Burger et al., 1988 ; in the intact influenza virion intramembrahe particles are present on the concave fracture face exclusively).
Based on the presence of fusion-correlated particles on both fracture faces and the similarity, in size and shape, of the particles and pits with those found in pure lipid systems (Verkleij, 1984) , we tend to conclude, although direct proof is lacking, that the particles are lipidic and represent a specific structural intermediate of HA-induced liposomecell fusion. Different molecular organizations have been proposed for the particles observed in pure lipid systems, and whether the observed lipidic particles represent real fusion intermediates, i.e., inverted lipid micelles at the joining stage of two fusing membranes (Verkleij, 1984) , or rather represent postfusion structures with a minute aqueous channel already formed (interlamellar attachment sites, Siegel, 1986a) is still a matter of debate (cf. Verkleij, 1984; Siegel, 1986a,b) .
Conclusions and Outlook
On a structural level, all evidence obtained in this study supports the suggestion that influenza virus HA-induced mem-brane fusion involves a local-point adhesion without IMP clearance, followed by a local-point fusion with a lipidic particle as a specific structural fusion intermediate. After HAinduced liposome-cell fusion, liposomal lipids are very rapidly integrated in the plasma membrane.
In our opinion, the combination of freeze substitution with lipid autoradiography will prove to be a reliable localization technique with general applicability to all phospholipids. The possibility to stop redistribution of radiolabeled phospholipids after specific time periods offers the opportunity to obtain kinetic data on the lateral diffusion of natural phospholipids in a biomembrane, which to date has not been possible. It should also be a valuable tool to study lipid traffic and sorting, and offers the opportunity to determine the intracellular fate of lipophilic drugs.
